We report improved transformation equations between the u ′ g ′ r ′ i ′ z ′ and UBV R C I C photometric systems. Although the details of the transformations depend on luminosity class, we find a typical rms scatter on the order of 0.001 magnitude if the sample is limited to main sequence stars. Furthermore, we find an accurate transformation requires complex, multi-color dependencies for the bluer bandpasses. Results for giant stars will be reported in a subsequent paper.
Introduction
Stellar photometry has a long and successful history in the study of stellar properties. However, high precision photometry is necessary in order to enable accurate measurements of extinction, metallicity, and tests of stellar evolutionary models. Several filter systems have been developed over the last few decades with strengths and weaknesses associated with each (see (Straizys 1999 ) for a review). Recently, the Sloan Digital Sky Survey (hereafter SDSS; (York et al. 2000) ) has greatly enhanced the available photometric data for Galactic stars and thereby promises to significantly add to our understanding of the Galaxy's stellar populations and formation history.
Although the u ′ g ′ r ′ i ′ z ′ filter system was defined by Fukugita et al. (1996, F96) for the study of large scale structure and quasars in the northern galactic cap, these data have also provided a wealth of photometric data for Galactic stars (e.g. Newberg et al. 1999) . Given the great potential of the SDSS data, we have begun a photometric study of star clusters in the u ′ g ′ r ′ i ′ z ′ filter system (Rider et al. 2004; Moore et al. 2006; Smith et al. 2004 ). However, most of the existing photometric data and stellar evolutionary models are limited to the Johnson-Cousins UBV R C I C filter system. Thus accurate transformation equations are necessary in order to evaluate the utility of the u ′ g ′ r ′ i ′ z ′ filter system.
As part of the development of the SDSS photometric system, F96 derived preliminary transformation equations between the UBV R C I C and u ′ g ′ r ′ i ′ z ′ filters. These transformations were derived from the expected bandpasses, the predicted response of the SDSS detectors, and the spectral energy distribution of a metal poor, F subdwarf, specifically BD+17
• 4708. This star was chosen as the primary standard due to the availability of high precision, absolute spectrophotometry (see F96). The initial transformation equations of F96 were primarly intended to enable the simulation of the colors of various celestial objects. As a result, F96 assumed that the color transformation equations (e.g. u ′ − g ′ vs. U −B) would be linear between the two photometric systems.
More accurate empirical transformations were derived by Smith et al. (2002) 
′ photometry of a subset of the UBV R C I C standard stars from Landolt (1992) . Smith et al. (2002) also assumed a linear transformation and made no distinction between luminosity classes among their standard stars. Finally, more complex transformations for UBV to u ′ g ′ r ′ filters were presented by Karaali et al. (2005) . These equations include two Johnson colors for the u ′ − g ′ and g ′ − r ′ relations, but do not make a distinction between luminosity classes. In this paper we re-examine Smith et al. (2002) data with the goal of deriving more accurate transformation equations between these two photometric systems. In §2 we describe our analysis procedure and §3 contains our results. In §4 we present our conclusions and describe our ongoing efforts to expand the analysis to other luminosity classes.
Transformation Equations Between the
u ′ g ′ r ′ i ′ z ′ and UBV R C I C Systems
Astrophysical Issues
The data (Table 1) used for this analysis is drawn from the available photometry of the equatorial region standard stars in common between the UBV R C I C (Landolt 1992 ) and the (Smith et al. 2002) . Figure 1 show these data along with the color-color relations for stars of various luminosity classes (Johnson et al. 1966) . The latter were slightly smoothed and transformed onto the Cousins system (Cousins 1976 ) using the transformations derived by Fernie (1983) . Figure 1 illustrates the dependence of the transformations upon luminosity class. Due to the limited number of known luminosity class stars, we assumed that stars with unknown luminosity class that lie along the ZAMS are of luminosity class V. The stars with unknown luminosity class that lie in the regions of luminosity degeneracy (where the luminosity class relations cross each other) are still considered unknown. The star with one exception to all of these restrictions is Ru-152. This star is published as an O5V, but since it lies so close to the supergiant relation, it must either be evolved or it is highly reddened. In any case, this star must be considered unknown as well. Since the number of available supergiants and giants is limited, this paper will only address the transformation for main sequence (luminosity class V) stars.
Inspection of the normalized response filter curves shown in Figure 2 suggests that the system transformation relations should be a function of two colors for most of the filter combinations. That is, the u ′ filter is closely related to the U filter, but the g ′ filter bandpass spans both B and V filters. Thus, the u ′ − g ′ color should be dependent on not only the U − B color, but also the B − V color. Likewise, because the V filter samples portions of both g ′ and r ′ filters, the g ′ − r ′ color should depend on both the B − V and V − R C colors. The situation for the i ′ and z ′ filters and associated colors is less clear since the z ′ bandpass does not lie within the Johnson system and is a function of the detector being used and will vary from instrument to instrument.
It is also evident from Figure 2 colors involving the redder bandpasses of both filter systems will be affected by the TiO molecular bands present in later spectral types (cooler stars). Unfortunately, there is a deficiency in the available data for stars of later spectral type (see Figure 1) . Therefore, our analysis will be further restricted to stars with B − V < 1.3 (see Table 1 ).
Analysis Procedure
The transformation equations for each color were obtained using the IDL REGRESS (two dimensional, multi-variable fitting) and POLY FIT (two dimensional fitting) programs. Each u ′ g ′ r ′ i ′ z ′ color was fit using both single and multi-color combinations of Johnson colors. Although higher order fits were examined, the first order fits were found to be suffecient. The chi-square is examined for each fit and the relative error in each coefficient in order to minimize the statistical errors. Finally, we did a "by eye" inspection of the fits to verify that the results made physical sense.
Results
We now address our results for each
The u ′ − g ′ color is very complex in terms of the UBV filters. The Balmer discontinuity for MS stars affect the color in U − B. When the opacity source changes at A0 type stars, the U − B color makes a dramatic change in color. This effect also occurs in u ′ − g ′ since the filters span the Balmer Jump as well. Moreover, the g ′ filter is sensitive to temperature changes in the star. B −V is also sensitive to temperature, so the u ′ −g ′ color is temperature dependent. With these two factors in mind, we used a first order mulit-variable polynomial as the basis for this first transformation equation.
Since we are using main sequence (MS) stars, we will use the Morgan & Keenan ZAMS (Johnson et al. 1966) in all subsequent figures to show the validity of each transformation by color. Our transformation equation for the MS stars in u ′ − g ′ is:
Figures 3 and 4 shows the ZAMS fit in the both the u ′ − g ′ vs. U − B and u ′ − g ′ vs. B − V color-color planes with residuals for comparison of Karaali et al. (2005) . As an illustration that our new fit is more accurate, we have properly fit the Balmer discontinuity. The u ′ − g ′ vs. B − V plane resembles a standard color-color diagram with the data nicley fitting the ZAMS when the residuals are compared. The chi-square to each final color fit are givin in Table 2 .
The r ′ filter maps most directly to the R filter while the g ′ filter overlaps both the B and V filters. Therefore, we would expect a strong dependance of g ′ − r ′ on both B − V and V − R C . But before fitting this data set, the physical properties of extremely red stars must be taken into account. In stars with V − R C > 0.8, molecular TiO bands start to dominate the stellar profile. Since our data set contains only three stars this red an accurate transformation determination cannot be obtained after V −R C = 0.8. Therefore, these three data points have been dropped from the final g ′ − r ′ fit. Figure 5 shows the ZAMS fit of g ′ − r ′ vs. B − V and g ′ − r ′ vs. V − R C with the residuals of Karaali et al. (2005) and this paper. Notice that Karaali et al. (2005) residuals in the g ′ − r ′ vs. V − R C color-color plane are not available because Karaali et al. (2005) did not use the V − R C color in their transformation equations. The g ′ − r ′ relation now becomes:
3.3. The r ′ − i ′ and r ′ − z ′ Equations Both the r ′ − i ′ and r ′ − z ′ relations are relatively simple compared to the previous two equations since the r ′ and R C filters have roughly the same effective wavelength and bandpass, and the I C filter is mapped only by the i ′ and z ′ filters. For this reason, both of the SDSS colors will be dependent upon R C − I C only. We performed a least squares polynomial fit to the data using the same in the g ′ − r ′ data due to the lack of data for TiO bands in M stars. Figure 6 and Figure 7 show the r ′ − i ′ vs. R C − I C and r ′ − z ′ vs. R C − I C final fits with their respective residuals. Notice that the data follow a well defined linear relation. The equations for r ′ − i ′ and r ′ − z ′ are simply:
The g ′ − V Equation
The g ′ − V color relation is derived mostly for convience to the user. In order to obtain individual magnitudes in each of the u ′ g ′ r ′ i ′ z ′ filters, we need a logical color-color relation that will give the user the ability to obtain one of the filter magnitudes. Since the Johnson V is often cited as the base magnitude for most published values, the g ′ filter is the most logical choice to obtain V magnitudes. Since the g ′ filter bandpass covers the B and V filter bandpasses, the relation will be derived using a B −V color. We did a least squares polynomial fit to the data using all the available data in Table 1 excluding Ru-152. Figure 8 illustrates the results of this fit with the residuals. The equation for this relation is:
Conclusions
Comparing the residuals and the actual plots for each color transformation demonstrates that our new transformation equations give better results for MS stars than Karaali et al. (2005) and Smith et al. (2002) . Additional work remain to fully develop the complete set of transformation equations for all luminosity classes. First, more data is needed for extremely red MS stars (B − V > 1.3). Also, an investigation of the effects of metallicity on the transformations for each class of star must be undertaken. This means that other isochrone models of u ′ g ′ r ′ i ′ z ′ interest, with existing UBV R C I C data (such as Y 2 ; (Yi et al. 2001) ), must be identified and transformed. This is a complicated and time consuming prospect, but with the advent of high-precision photometry, it must be completed in order to deliver the accuracies needed when describing stellar systems.
We plan to pursue this endeavor in future work. A beginning step is the development of a full metallicity and luminosity photometric study in the u ′ g ′ r ′ i ′ z ′ filter system. This study has all ready begun using the 0.6m telescope at Red Buttes Observatory in Laramie, Wyoming to support the extension of the Sloan Digital Sky Survey. (2002) transformation equations. The solid line is the smoothed ZAMS relation (luminosity class V), the dotted line is the giants relation (luminosity class III), and the dashed line is the supergiants relation (luminosity class I) taken from Johnson et al. (1966) . The different symbols give the corresponding known and unknown luminosity classes for the stars from Smith et al. (2002) . Using the luminosity class V stars and well placed but unknown spectral class stars which lie along the ZAMS, we will create new transformation equations that satisfy these data. Note that , -1.073) will not be included due to high reddening. Fig. 2. -The normalized transmission curves for UBV R C I C and u ′ g ′ r ′ i ′ z ′ filter systems. Overplotted in the upper and lower panels is a M0 V and A0 V spectral energy distributions. Some problems that will arise from the physical aspects of these stars occur from first the Balmer discontinuity, second the TiO bands in latter type stars (i.e. M0 V), and third the change of the main opacity source at T e f f = 10, 000K. The Balmer discontinuity will effect the u ′ − g ′ and U − B colors. The TiO bands will effect r ′ − i ′ , r ′ − z ′ , V − R C , and R C − I C colors. The change in opacity source at T e f f = 10, 000K will effect the u ′ − g ′ , U − B, and g ′ − r ′ colors. Karaali et al. (2005) fit since there is no V − R C dependence in their fits). The lines in the top panels are the same as in Figure 3 . The bottom panels give the residuals for this paper's (right) and Karaali et al. (2005) (left). Figure 3 . The two extreme red points were not included within the fit due to insufficient data for stars with B − V > 1.3. Figure 3 . The two extreme red points were not included within the fit due to insufficient data for stars with B − V > 1.3. 
